A bio-inspired coding (BIC) strategy was implemented in this study with the goal of better representation 4 of spectral and temporal information. The auditory nerve fibers' (ANFs) characteristics such as refractory 5 recovery, facilitation and spatial spread were obtained from ECAP data recorded in 11 CI recipients. 6 These characteristics, together with a non-individualized model-derived adaptation effect, were integrated 7 3 into the BIC strategy for a better selection of channels. Two variations of the BIC strategy were compared 8 to the conventional advanced combination encoder (ACE) coding strategy: the BIC-I strategy based on 9 the individual CI recipients' ECAP parameters, and the BIC-G strategy based on the median values of 10 ECAP parameters from all CI recipients who participated in the study. The melodic contour identification 11 (MCI) and Oldenburg sentence recognition in noise (OLSA) tests were used to assess and compare the 12 three coding strategies. A significantly better performance in the transformed MCI test results with the 13 rationalized arcsine transformation, was observed for both BIC strategy variations compared to the ACE 14 strategy. There was no significant difference between the two variations of the BIC strategy and the ACE 15 strategy in the OLSA test. No correlation was found between recovery time constants, absolute refractory 16 periods, left and right width of SOE functions from three test electrodes and CI recipients' performances 17 in the two experiments. However, significant correlations were found between facilitation time constant 18 and amplitude and the results of the MCI and OLSA tests for the two variations of the BIC strategy.
Introduction 23
The cochlear implant (CI) is one of the most successful sensory prostheses to date which electrically 24 stimulates the auditory nerve fibers (ANFs) with an electrode array in the cochlea to provide sound 25 sensation for people with severe to profound hearing loss (Zeng et al., 2008) . CI sound coding strategies 26 map the audio signals picked up by a microphone to a series of electrical pulses which are sent to the 27 electrode array in the cochlea. Although CI users can achieve high levels of performance for speech 28 intelligibility in quiet, they have greater difficulty than normal hearing (NH) listeners in challenging 29 situations such as speech presented in noise or listening to music (Nie et 
89
Electrical stimulation of CI electrodes produces an electric field which spreads out within the cochlea and 90 excites not only the ANFs close to the stimulated electrode but also the ANF populations around the 91 neighboring electrodes. It has been shown that the responses from the overlap of stimulated ANFs from 92 different electrodes might change information provided on the individual channels (Abbas et al., 1999) . 
151
In this study, the modified forward masking method was used for the recovery and facilitation 152 measurements while for the measure of the spatial spread, the standard forward masking technique was 153 utilized. The ECAP amplifier gain was set to 50 dB and the number of sweeps was 50 to get a reasonably 154 noise-free ECAP response (Lai, 1999) . Three test electrodes (E6, E12 and E18) and biphasic pulses with 155 25 µs phase width (37 µs was used for subject S10) and 7 µs interphase gap were used for the ECAP 
where Env is the extracted envelopes of frequency bands, WEnv is the weighted extracted envelopes and 
198
A normalization was performed by dividing facilitation strengths by 100 µV, which was expected to be the 199 largest ECAP amplitude. However, in CI subjects with a strong facilitation, F 0 can be larger than 100 µV 200 and as a result F 0 values varied between 0.2 and 2.42. The facilitation strengths are presented in Table   201 A2 of the appendix for three test electrodes. The effect of facilitation (Fac) was added to the recovery 202 excitability values to weight the extracted envelope of the input audio signal.
203
= × + 0 ≤ × + ≤ 1 (4)
Spread of excitation (SOE) function

204
It has been shown that the spatial spread of the electric field measured with the NRT system in CI users 205 has its response peak at or near the stimulated electrode, with progressively decreasing effect towards were considered symmetric with equal " # parameters for both sides of the function. The " # parameters for 233 each side of the SOE function at the three test electrodes in 11 CI recipients are presented in Table A3;   234 where left represents the basal side of the stimulated electrode and right represents the apical side.
235
In the BIC strategy, the electrical amplitude of selected channel spreads over neighboring channels with 236 the largest weight for the largest electrical amplitude (equal to 1). The SOE function with the largest 237 weight uses the fitted " # values for the left and right widths. When the electrical amplitude becomes 238 smaller, the amplitude of the SOE function and " # parameters are scaled with this new amplitude; with 239 lower weights and bigger " # for smaller electrical amplitudes.
Then the amplitude recovered to 1 with a time constant of % following a linear differential equation as 244 presented in Eq. 7:
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The ACE strategy picks a group of adjacent channels which increases the likelihood of channel 303 interaction between neighboring electrodes ( 
312
The recovery function was considered in the excitability state model and used to weight the extracted 313 envelope of each frequency channel, which resulted in channels 18 and 20 being selected twice but not 314 sequentially (Fig. 2, panel B and Table 2 , 'Rec' column). In this case, the adjacent neural populations to 315 these channels did not fully recover after the first selection and the neighboring channels (e.g. channels 316 19, 21 and 22) obtained a higher chance of selection. However, after full recovery of neighboring ANFs to 317 these channels, they were reselected.
318
Facilitation was considered in combination with the recovery function to increase the excitability of the 319 ANFs when two stimuli are presented with a short interpulse interval on the same channel. Facilitation 320 changed the weights which were applied to the extracted envelopes and led to a different selection 321 pattern. In addition, middle channels in subject S8 had shorter facilitation time constants with larger 322 facilitation strengths. Therefore, the chance of selection for the middle channels would be higher with the 323 facilitation effect and as a result, channels 13 and 10 were selected for the stimulation (Fig. 2, 
373
Each note in the melodic contour patterns was 250 msec in duration with a 10 msec cosine ramp at the 374 beginning and end, with a 50 msec gap between notes in each of the patterns. The stimuli were delivered 375 at 65 dB SPL and the musical interval between successive tones in each pattern varied from 1 to 3 376 semitones. Each musical interval set was tested separately, and the order of patterns was randomized.
377
The musical interval sets were tested sequentially from the easiest set 
402
Therefore, the speech signal level was adaptively adjusted to determine a speech reception threshold 403 (SRT) at which 50% correct sentence understanding score was achieved (Brand and Kollmeier, 2002;  404 Dillier and Lai, 2015) . Results for all subjects were calculated as the average of SRT values from the two 405 lists of 30 sentences and a lower SRT value indicated improved performance of speech recognition in 406 noise. If the SNR value did not change in 8 sequential sentences, the test was stopped and the SRT was 407 calculated as the SNR for the last 8 sentences. The test was carried out using either MACarena software 408 for testing via the audio accessory cable or a MATLAB GUI for testing via the L34 409 research processor and direct streaming to the subject's implant. Note that the background OLSA noise 410 was continuously presented during the test with ACE-Audio condition while for the direct streaming test 411 with the L34 research processor, the OLSA noise was silent between presentations. The background 412 noise always preceded the speech signal by 2.7 sec and continued 1.35 sec after the end of the 413 sentence. As mentioned before, there were four coding strategy conditions to be tested, and in each 414 condition two OLSA lists of 30 sentences were presented. Therefore, a total of 8 lists of 30 sentences 415 each were presented to each CI subject and these lists were selected randomly from available OLSA lists 416 before the start of the experiment. 
455
We further examined whether the CI participants improved their performance with any of the strategies.
456
An ANOVA with two within subject factors (musical interval and pattern) for each strategy was performed.
457
A significant effect (6 < 0.05) of the musical interval was found for the ACE-Audio, the BIC-I and the BIC-458 G strategies. The significantly better results for the 2-semitone interval than the 1-semitone interval was 459 observed with the BIC-I and the BIC-G strategies while a significantly better result for the 3-semitone 460 interval in comparison to the 1-semitone interval was obtained with the ACE-Audio strategy as well as the 461 BIC-G strategy.
13
The 3-semitone interval was repeated at the end of the MCI test for each coding strategy condition to 463 check whether the CI participants had learned the melodic patterns during the test. The paired t-test 464 showed no significant differences between the 3-semitone interval set at the beginning and ending of the 465 test for each coding strategy condition. This implies that there was no or only a negligible learning effect 466 during the test from 3-semitone interval set to 1-semitone interval set. 
498
These correlations for the BIC-I strategy at two test electrodes are shown in Fig.9 with the corresponding 499 Pearson correlation coefficients.
500
[ Figure 9 about here.]
Discussion 502
In this study, a bio-inspired coding (BIC) strategy with temporal (recovery, facilitation and adaptation) and 
518
Selected channels with the BIC strategy are widely spread over the frequency range and therefore the 519 interaction between channels could be reduced. The stimulation pattern tends to be clustered with the 520 ACE strategy. The BIC strategy on the other hand avoids stimulating adjacent channels sequentially and 521 allows further channels to be selected (Fig. 2) . In addition, the new selection approach in the BIC strategy 522 does not necessarily choose the largest amplitudes (as is the case in the ACE strategy). Therefore, 523 channels with lower amplitudes and smaller electrical currents could be selected for the stimulation.
524
The ACE strategy with direct audio input via the audio accessory cable (ACE-Audio) was tested as a 525 reference strategy and a baseline on how well CI recipients performed with their implants. The ACE-
526
Audio and the MATLAB implementation of the ACE strategy (ACE-NMT) were tested in the second 527 session of the study in randomized order. We could not find significant differences between ACE-Audio 528 and ACE-NMT in the MCI test. However, in the OLSA in noise test, CI recipients' performances were 529 significantly better with the ACE-Audio. One possible reason is that the background noise in the 530 streaming conditions (ACE-NMT, BIC-I and BIC-G) was discontinuous and presented only with the 531 speech signal, whereas with the audio accessory cable (ACE-Audio) condition, the noise was presented 532 continuously in the background. Therefore, in the ACE-Audio condition, the masking effect of the noise 533 was reduced after starting the test and the noise did not distract the subject's attention to such an extent 534 anymore. This was not the case with the streaming conditions which led to bigger SRT values for the 535 OLSA in noise test. Another explanation is that the automatic gain control was active for the ACE-Audio 536 condition which could have provided a more suitable audio signal amplitude at the output. 
560
Although a significantly better performance of CI recipients in the MCI test was observed for the BIC 561 strategy compared to the ACE strategy, there was no significant difference between these two strategies 562 in the OLSA in noise test. A possible explanation is that the CI subjects in this study were recruited from 563 experienced CI recipients with an average experience with their implants of 76 months. The speech 564 signals sounded more familiar for them with the ACE strategy than the BIC strategy and because of this, 565 they needed more training for the BIC strategy. Therefore, it would be interesting to use the BIC strategy 566 as a take-home strategy and compare the performance of CI recipients in the OLSA in noise test to the 567 ACE coding strategy afterwards.
568
There were negative correlations between facilitation strengths and SRT values for the two variations of 569 the BIC strategy, which imply that CI subjects with stronger facilitation have better performances in OLSA 
578
Two variations of the BIC strategy; BIC-I and BIC-G were compared in this study. In general, CI recipients 579 had better performances in the MCI and the OLSA in noise tests with the BIC-G strategy although the 580 difference was not significant. However, some CI recipients performed better with the BIC-I strategy 581 compared to the BIC-G strategy. Further examinations showed that these subjects had smaller facilitation 582 time constants and larger facilitation strengths compared to the median values which were used in the 583 BIC-G strategy. This is in accordance with the significant correlation between facilitation parameters and 584 600
Conclusions 601
In this study, a bio-inspired coding (BIC) strategy was implemented using the MATLAB Nucleus Toolbox 
620
ST, WKL and ND wrote the paper.
621
Declarations of interest 622
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Fig. 5.
Confusion matrices with averaged percentage correct responses for 11 CI recipients in the MCI test. Columns show the results for tested semitone intervals, and the results for two variations of the BIC strategy are presented in the respective row. 
